Naturally acquired antibody responses provide partial protection from clinical malaria, and blood-stage parasite vaccines under development aim to prime such responses. To investigate the determinants of antibody response longevity, immunoglobulin G (IgG) antibodies to several blood-stage vaccine candidate antigens in the sera of two cohorts of children of up to 6 years of age during the dry seasons of 2003 and 2004 in The Gambia were examined. The first cohort showed that most antibodies were lost within less than 4 months of the first sampling if a persistent infection was not present, so the study of the second-year cohort involved collecting samples from individuals every 2 weeks over a 3-month period. Antibody responses in the second cohort were also influenced by persistent malaria infection, so analysis focused particularly on children in whom parasites were not detected after the first time point. Antibodies to most antigens declined more slowly in children in the oldest age group (>5 years old) and more rapidly in children in the youngest group (<3 years old). However, antibodies to merozoite surface protein 2 were shorter lived than antibodies to other antigens and were not more persistent in older children. The age-specific and antigen-specific differences were not explained by different IgG subclass response profiles, indicating the probable importance of differential longevities of plasma cell populations rather than antibody molecules. It is likely that young children mostly have short-lived plasma cells and thus experience rapid declines in antibody levels but that older children have longer-lasting antibody responses that depend on long-lived plasma cells.
Naturally acquired antibody responses provide partial protection from clinical malaria, and blood-stage parasite vaccines under development aim to prime such responses. To investigate the determinants of antibody response longevity, immunoglobulin G (IgG) antibodies to several blood-stage vaccine candidate antigens in the sera of two cohorts of children of up to 6 years of age during the dry seasons of 2003 and 2004 in The Gambia were examined. The first cohort showed that most antibodies were lost within less than 4 months of the first sampling if a persistent infection was not present, so the study of the second-year cohort involved collecting samples from individuals every 2 weeks over a 3-month period. Antibody responses in the second cohort were also influenced by persistent malaria infection, so analysis focused particularly on children in whom parasites were not detected after the first time point. Antibodies to most antigens declined more slowly in children in the oldest age group (>5 years old) and more rapidly in children in the youngest group (<3 years old). However, antibodies to merozoite surface protein 2 were shorter lived than antibodies to other antigens and were not more persistent in older children. The age-specific and antigen-specific differences were not explained by different IgG subclass response profiles, indicating the probable importance of differential longevities of plasma cell populations rather than antibody molecules. It is likely that young children mostly have short-lived plasma cells and thus experience rapid declines in antibody levels but that older children have longer-lasting antibody responses that depend on long-lived plasma cells.
Immunity to mild Plasmodium falciparum malaria is acquired after repeated infections, although the longevity of the relevant components of the immune response that mediate this protection needs to be better determined (31) . Passive transfer experiments have shown the importance of antibodies against blood-stage parasites in serum, and there are epidemiological associations between antibodies to particular P. falciparum antigens and protection from malaria, with some discrimination between those antibodies that are likely to be protective and those that are simply covariate (15, 27) .
Levels of naturally acquired antibodies to P. falciparum antigens in sera have been shown previously to peak and decline rapidly after clinical malaria infections in young children (1, 7, 18, 19, 23) . It is possible that the clearance of antibodies is particularly rapid during the resolution of a clinical malaria episode, and it is important that studies of antibody decline be conducted also with asymptomatic individuals who have previously resolved their infections. A model to explain crosssectional age-specific serological profiles indicates that low levels of antibodies may be maintained for many years after infection (11) , and early studies using crude malaria antigen preparations also indicated that antibodies can be detected for some years after infection (4, 9) .
Antibody-secreting plasma cells can be short or long lived. Both types can be generated in the germinal center, and shortlived plasma cells can also be generated in the T-cell-rich extrafollicular regions. Short-lived plasma cells need to be replenished from a memory B-cell population, but long-lived plasma cells survive and secrete antibody for extended periods independently (20, 30) . The longevity of antibody responses in the absence of continued antigenic presentation may provide an indication of the plasma cell populations responsible for antibody secretion.
To study the longevity of naturally acquired antibody responses to malaria antigens, children of up to 6 years of age in The Gambia were recruited into two longitudinal study cohorts and monitored during annual dry seasons when there was no detectable malaria transmission. We examined the duration of naturally acquired antibody responses to merozoite antigens apical merozoite antigen 1 (AMA1), erythrocyte binding antigen 175 (EBA175), merozoite surface protein 1 (MSP1), and MSP2, for which vaccine constructs have been developed and are under preclinical development or clinical testing (29, 34) , as well as crude P. falciparum schizont extract. Associations among the longevity of antibody responses and the persistence of parasites, the ages of children, residential locations, and ethnicities were examined, as well as differences among the antigens. 
MATERIALS AND METHODS

Study
Dry season cohort 2 (February to May 2004).
Following the analysis of the results for cohort 1, a second cohort study with more frequent sampling during the dry season was designed to more precisely estimate antibody decline rates. Sampling every 2 weeks over a 3-month period was considered important for the capture of antibody decline, as was the presence of high antibody levels at the start. As cohort 1 showed that asymptomatic parasitemia substantially extended antibody response longevity, it was considered a priority to study the determinants of antibody longevity in children in cohort 2 who did not have parasitemia. Therefore, to provide an adequately large subcohort that would be parasite negative but have high antibody levels, children in cohort 2 were randomized so that half would receive antimalarial treatment to clear any asymptomatic parasitemia.
In early February 2004, 626 children under 7 years of age were enrolled and finger prick blood samples were collected for serum sample and thick-bloodsmear preparation. Sera were screened by ELISA for levels of immunoglobulin G (IgG) antibodies to one or more of the five blood-stage antigens tested of greater than 1.0 OD units to identify 264 children with particularly high antibody levels who were potentially eligible for the longitudinal study. Approximately 21 days after this initial screening, 152 eligible children were relocated and consent for follow-up over a 12-week period was obtained. Venous blood samples of 5 ml were collected (the day 0 samples were taken in late February), and children were randomized with 50% probability for antimalarial treatment (regardless of slide positivity, as infections can be transiently undetectable) with a combination of sulfadoxine and pyrimethamine (Fansidar) and artesunate to clear parasitemia. Children were visited every week (between days 7 and 85), and finger prick blood samples were collected every 2 weeks, between days 11 and 19 (mean, day 16), days 24 and 35 (mean, day 30), days 39 and 50 (mean, day 45), days 52 and 62 (mean, day 57), days 66 and 76 (mean, day 71), and days 80 and 91 (mean, day 85), for serum sample and thick-blood-smear preparation. There were 124 children who had ELISA-determined levels of antibodies to one or more antigens of above 0.5 OD units on day 0 (late February) and who gave five or more samples at different time points from day 0 until the end of the study that were analyzed for antibody longevity. Of these children in the final analysis, 57 (46%) were female, 61 (49%) received antimalarial treatment, 97 (78%) lived in the town of Farafenni while 27 (22%) lived in surrounding villages, 81 (65%) were Mandinka, 18 (15%) were Fula, 15 (12%) were Wolof, and 10 (8%) were of other or mixed ethnicities. For the analysis of antibody longevity, ELISA OD values were transformed into standardized units by using a standard curve of IgG concentrations as described below.
Malaria parasite detection. Giemsa-stained thick blood smears prepared from blood taken at each of the sampling time points were assessed by two experienced microscopists examining 100 high-powered fields (magnification, ϫ1,000) to determine the presence, the density, and the species of malaria parasites. Slides for which results differed by Նlog 10 parasites/high-powered field were examined by a third microscopist to derive a final estimation. The analysis in this case considered only the presence or absence of P. falciparum on the slides (this was the only parasite species seen in this study).
Parasite antigens. Antibodies were studied with five different recombinant proteins representing different blood-stage vaccine candidate antigens, AMA1, EBA175, MSP1 19 , and MSP2 (two allelic types). The AMA1 antigen was an Escherichia coli-expressed full-length ectodomain comprising amino acids 83 to 531 of the P. falciparum strain 3D7 AMA1 (described previously as r-AMA1/E) (12) . The EBA175 protein was a baculovirus-expressed His 8 -tagged antigen comprising amino acids 144 to 753 of the EBA175 sequence of the 3D7 strain, corresponding to the cysteine-rich region II (10) . Three E. coli-expressed glutathione S-transferase fusion proteins were used, one based on the MSP1 19 sequence of the Wellcome P. falciparum strain (5) and two based on MSP2 amino acids 1 to 184 and 22 to 247 encoded by the CH150/9 (type A) and Dd2 (type B) alleles, respectively (27) . The glutathione S-transferase fusion tag on its own was also expressed from the pGEX-2T vector as a negative control antigen. P. falciparum parasites from the 3D7 parasite clone were cultured to prepare schizont extract for a crude-antigen ELISA.
Antibody assays. Blood samples for antibody analysis were collected in serum separator tubes (BD Vacutainer Systems, United Kingdom) and stored on ice during transfer from the field to the laboratory. Upon arrival at the laboratory, tubes were centrifuged at 1,100 ϫ g for 5 min and sera were removed for storage at Ϫ20°C for cohort 1 and at Ϫ80°C for cohort 2. ELISAs were performed as described previously (6, 7, 27, 28) . Briefly, each well of 96-well plates (Immulon 4 HBX; Dynatech) was coated with 50 ng of recombinant antigen or 10 g (for cohort 1) and 5 g (for cohort 2) of crude schizont extract antigen in 100 l of coating buffer. Plates were incubated overnight at 4°C for antigen binding, after which the wells were washed four times in phosphate-buffered saline with 0.005% Tween 20 (PBS/T) and blocked for 4 to 5 h at room temperature with 200 l of PBS/T per well and 1% milk powder. Wells were then washed three times in PBS/T, 100-l aliquots of test sera at a 1/500 dilution in PBS/T with 1% milk powder were added in duplicate, and the plates were incubated overnight at 4°C. Wells were washed four times in PBS/T and then incubated for 3 h at room temperature with 100 l of horseradish peroxidase-conjugated goat anti-human IgG (Dako UK, Ltd.) at 1:5,000 in PBS/T. Wells were washed four times in PBS/T, and then 100 l of ortho-phenylene diamine solution (0.4 mg of orthophenylene diamine/ml, 0.1 M citric acid, 0.2 M Na 2 HPO 4 ) was added, the plates were incubated at room temperature for up to 15 min before the reaction was stopped with 50 l of 2 M sulfuric acid, and ODs at 490 nm for the wells were determined. To generate standardized units of specific IgG reactivity for cohort 2 data, additional wells were coated with purified myeloma-derived human IgG, IgG1, or IgG3 (The Binding Site, United Kingdom) in 12 doubling (1,000 to 0.5 g ml
Ϫ1
) and 12 tripling (1,000 to 5 ϫ 10 Ϫ5 g ml
) dilutions, which were assayed alongside the test sera, generating a standard curve (a sigmoidal logistic four-parameter curve generated using SigmaPlot software) to allow OD units to be interpolated to linearized units of antibody concentrations (6) . Whenever the OD for a test serum sample was above the level that could be clearly interpolated from the standard curve, the serum was retested at additional doubling dilutions (1/1,000, 1/2,000, and 1/4,000) alongside the range of standard IgG concentrations as necessary.
Statistical analysis. The nonparametric Wilcoxon rank sum (Mann-Whitney) test was used to test for differences in continuous variables between two groups. To examine associations between continuous variables (antibodies in particular) and ordered categorical variables (age categories in particular), the nonparametric Kruskal-Wallis test was used. Pearson's chi-squared test for contingency tables, or Fisher's exact test when the expected value of any cell of a table was less than 5, was used to test for significant differences in proportions of categorical variables between groups.
Estimates of the longevity of antibody to each antigen in each individual were made with two different parameters, as follows: (i) determination of the lowest antibody level estimated at any time point as a proportion of the antibody level on day 0, termed the lowest ratio (high values represent little reduction in antibody during the follow-up period, while lower values represent more substantial antibody decline), and (ii) survival analysis of antibody levels above 50% of day 0 values, which can be considered to approximately represent serum antibody level half-life from the beginning of the follow-up (Kaplan-Meier plots and log rank tests were used to test the distributions over time and the significance of associated variables). 19 , MSP2 types A and B, and schizont extract) in sera from children with slides positive for P. falciparum were significantly higher than those in sera from children with negative slides (P Ͻ 0.05 for each antigen) (Fig. 1A) . Antibody levels were also positively associated with age, as expected (P Ͻ 0.001 for all antigens, except MSP1 19 , for which the association was not significant). Fifty children with ELISAdetermined levels of antibody for at least one of the recombinant proteins of above 0.5 OD units and with at least one additional sample collected later in the dry season were included in an initial analysis of the longevity of antibodies. These children had a mean age of 3.4 years, and 16 (34%) of them had detectable parasites in December 2002.
Antibody ELISA OD levels in the later dry season samples (those from April to June 2003) were significantly lower than the starting levels (December 2002) for all individual antigens (P Ͻ 0.05 for each). As expected, there were generally larger reductions in ELISA OD levels for children with no parasites detected after December 2002 than for children with parasites detected at at least one of the later time points (P Ͻ 0.05 for AMA1, MSP2A, and schizont extract; similar trends for other antigens were not significant). However, there was also substantial variation in the persistence of antibodies among individuals that had no parasites detected, as illustrated by data for four of the children shown in Fig. 1B . The full data set for this cohort is available in the supplemental material (Table S1 ). The results for the first cohort thus indicated that a more intensive sampling schedule during the early and middle part of the dry season would be needed to track antibody declines more precisely over a period of less than 4 months and that the study should ideally include a larger sample group of children with high initial antibody levels that were parasite negative during follow-up.
Dry season cohort 2. To maximize the amount of information on antibody longevity, a cohort of 152 children that had high levels of antibodies to one or more of the blood-stage antigens was recruited after the screening of 626 children in early February 2004. The selected cohort was then monitored prospectively from late February (day 0) for 12 weeks, with finger prick blood sampling every 2 weeks, yielding a final cohort for analysis comprising 124 children that had at least five samples taken over these 12 weeks. For each individual, relative levels of IgG antibody to each of the test antigens in serum at each time point were determined, with interpolation from a standard curve of IgG concentrations (antibody profiles of four individuals are shown in Fig. 2A ). The full data set for this cohort is available in the supplemental material (Table  S2) . For each individual, the first time point at which the measured level of antibody to each antigen was less than 50% of the initial (day 0) level was determined, as well as the lowest antibody level measured at any time point as a proportion of the day 0 level (Fig. 2B) .
As expected, children with parasites detected at any time point after day 0 had longer-lasting antibody responses than children without parasites (Fig. 3) . Parasite infection after day 0 was seen only in those children that were parasite slide positive on day 0, except for six children that were parasite negative on day 0 and were not randomized for antimalarial treatment (these children were presumed to have subpatent infections with subsequent recrudescence of parasitemia). A Kaplan-Meier survival analysis of the distribution of times for antibody levels in each individual to reach Ͻ50% of initial levels showed this difference between the parasite-positive and -negative groups to be significant for both allelic MSP2 antigens and the schizont extract (Fig. 3A) . The difference was also significant for both MSP2 antigens in the analysis of the lowest measured antibody levels as proportions of initial levels (Fig.  3B) . Neither analysis showed significant differences for other merozoite antigens (Fig. 3) . Among children in whom parasite infection persisted, the antibodies to MSP2 and those to other antigens were similarly long lived (Fig. 3) , but in the absence of infection the antibodies to MSP2 declined more rapidly than those to the other antigens (P Ͻ 0.05 by both methods of analysis for MSP2B compared with each of the other antigens except MSP2A; antibodies to MSP2A also declined more rapidly than those to the other antigens but only significantly in comparison to antibodies to EBA175 [P Ͻ 0.05]).
Further analysis of the determinants of antibody longevity focused on the children without parasites after day 0. In this parasite-negative subcohort, there were no differences in the longevity of antibodies to any antigen between males and females, between urban and rural children, between children receiving antimalarial treatment and those not receiving it, or among ethnic groups. To test for associations with age, comparisons among children below 3 years, 3 to 5 years, and older than 5 years of age were made. Antibodies declined more rapidly (Fig. 4A) and to lower levels (Fig. 4B) in younger children. For most of the antigens, the trends were similar and several individual tests were significant, but for MSP2, the antibody longevity showed no association with age (Fig. 4) . These age-dependent differences in antibody decline were not dependent on differences in initial antibody levels, which were lower in younger children. Antibody decline parameters were similar in those with relatively low (OD Ͻ 1.0) and those with relatively high (OD Ͼ 1.0) reactivity at day 0.
Comparison between IgG subclasses. Naturally acquired human IgG responses to these antigens have previously been shown to involve mostly IgG1 and IgG3, with the predominance of IgG1 against AMA1, MSP1 19 , and EBA175 and that of IgG3 against MSP2 (6, 24, 27, 28, 32, 35) , and it has been suggested previously that detectable levels of IgG3 may be particularly short lived due to more rapid clearance of this subclass from the circulation (6, 22) . To investigate whether differences in IgG subclasses could explain the differences in antibody longevity seen here, sera from 35 of the children with high initial IgG levels that had been shown to decline were reassayed for levels of IgG1 and IgG3 antibodies to two of the antigens (AMA1 and MSP2). On day 0, there were detectable IgG1 or IgG3 antibodies to both antigens in 17 of the children, to MSP2 only in 10 children, and to AMA1 only in 8 children. The mean time to reach a 50% decrease of initial antibody levels was 39.4 days for IgG1 and 32.6 days for IgG3, while the mean lowest ratios were 27% for IgG1 and 30% for IgG3. There were no significant differences between the subclasses in an analysis of the 17 individuals that had both IgG1 and IgG3 reactivity (Wilcoxon signed-rank test: P ϭ 0.84 by using data for both antigens).
In contrast to the lack of substantial differences in antibody longevity between the IgG1 and IgG3 subclasses, there were significant differences in antibody longevity with age for each of the subclasses considered separately (Table 1) . Older children (4 to 6 years old) had mean times to 50% decline that were approximately three times longer (means of 52 days for
FIG. 2. (A)
Individual profiles of four study subjects in cohort 2 showing levels of IgG antibodies to merozoite antigens in the absence of parasites at different time points after day 0. Individual LA118 had antibodies to AMA1 that declined in the first few weeks and then remained at a stable level, while antibodies to other antigens remained at low levels throughout; individual LA048 had antibodies to MSP2B, AMA1, and MSP1 19 that declined over the first 6 weeks, with some residual antibodies to MSP2B remaining afterwards; individual LA124 had antibodies to MSP1 19 and lower levels of antibodies to other antigens that remained stable throughout; individual LA141 had antibodies only to EBA175 that declined slightly in the first few weeks and then remained at a stable level. (B) Illustration of antibody response longevity measurements, applied to two of the profiles (antibodies to MSP2B in individual LA148 and antibodies to EBA175 in individual LA141). The measurement of the lowest antibody concentration is indicated by dashed arrows to the y axes within the plots, and the decline to a level below 50% of the day 0 concentration and the estimated initial half-life are indicated by solid arrows to the x and y axes. IgG1 and 47 days for IgG3) than those for the younger group (means of 16 days for both subclasses), a difference that was significant for each of the subclasses separately (P ϭ 0.002 for IgG1 and 0.03 for IgG3). The lowest ratio measurement also showed more antibody decline in the younger individuals, although this difference was not significant (Table 1) .
DISCUSSION
The longevity of IgG antibody responses to P. falciparum antigens in sera of young children was here shown to be age dependent, increasing in early childhood through the stage of development when immunity to clinical malaria is normally acquired in the population studied (16, 21) . There were differences among antigens, as concentrations of antibodies to the MSP2 antigen declined more rapidly than those of antibodies to the other antigens tested and did not increase in duration with the age of the children. It is not known why antibodies to the MSP2 antigen were shorter lived, but it is possible that tandem repeated epitope sequences in this antigen influence the ability to stimulate effective memory B-cell responses (there are no such repeat sequences in AMA1, EBA175, or MSP1 19 ). A high level of within-population sequence polymorphism in the MSP2 antigen is also likely to slow down the acquisition of memory B-and T-cell responses and thus lead to more transient antibody production, although there is considerable cross-reactivity among antibody epitopes in the variants within each of the two major serological types (14) .
Although antibody responses to P. falciparum antigens have previously been shown to decline within a few weeks after the clearance of parasites in many individuals (1, 7, 18, 19, 23) , the magnitude and profile of the decline have not been well understood and have varied among studies. A detailed study of Kenyan children with clinical malaria showed that the estimated time for a 50% decline of antibodies to the same recombinant proteins studied here was less than 10 days for both IgG1 and IgG3 (19) . This time was noted to be shorter than the normally reported catabolic half-lives of these antibodies (particularly the reported half-life of 21 days for IgG1) (22) and indicated that there may be particularly rapid clearance of antibodies during and immediately after the resolution of a clinical malaria episode. The present study enrolled individuals that had various and unrecorded times since their most recent clinical episode, and most individuals had antibodies that persisted at more than 50% of initial levels for much longer than the catabolic half-lives of antibodies would allow. During the whole follow-up period (a mean of 85 days) among those who did not have a persistent infection, the levels of antibodies to the different antigens in the youngest age group declined to a mean of approximately 20 to 30% of initial levels, but residual levels in the oldest group (Ͼ5 years old) were approximately twice as high, so antibody production is clearly sustained to Although declines in specific antibody levels occurred in most children, a substantial minority had levels that were very stable throughout, suggesting steady-state antibody production in these individuals. Persistent antigen is needed to generate persistent antibody responses resulting from short-lived plasma cells, either by stimulating the proliferation of memory B cells to replenish short-lived plasma cell populations or by stimulating the production of non-germinal center short-lived plasma cells (20) .
Young children may have plasma cells that are mostly short lived and thus experience rapid decline in antibody levels after infections are cleared. In contrast, the longer-lasting antibody responses in older children may result from having some longlived plasma cells derived from the germinal center. Other age-related differences have been noted previously, including the observation that antigen presentation and helper T-cell function among young children increase with age (8) . During an acute episode of measles, children older than 24 months are more likely to make an effective measles-specific antibody response than younger children (13) . The persistence of vaccination-induced antibodies to a capsular polysaccharide of group A Neisseria meningitidis among children also increases with age (17) .
Differences between adults and children in antibody response longevity have been suggested from previous epidemiological analyses in Kenya (2, 3) and The Gambia (33). The differences among young children described herein substantially support and extend the evidence for significant age effects. Apart from cumulative exposure to malaria antigens, it is possible that age directly determines the ability to sustain high antibody levels. A lack of ability to generate long-lived plasma cells among infant mice and observed differences in vaccination-induced antibody responses between infant and adult mice indicate inherent age-related differences (25, 26) . Following naturally acquired malaria infections, short-lived plasma Further studies among older children and adults and populations associated with different endemicity patterns should investigate whether persistent antibody responses continue to develop with increasing age or whether differences are restricted to young children. If there is an inherent limitation in the ability of many infants and very young children to produce sustained antibody responses to malaria vaccine candidate antigens, this limitation would contribute to the difficulty of developing an effective blood-stage parasite vaccine for populations in which malaria is endemic.
